soil and sludge samples based on it, in addition to the total elemental concentrations (Vercoutere et al., 1995; It is important to evaluate different digestion methods to accurately Quevauviller et al., 1993 
volatile metals. However, the aqua regia digestion failed to accurately quantify more than 20 elements in some sediments (Krause et al., 1995) , especially K and Al, which are part of some clay mineral structures. Berrow A ccurate determination of potentially toxic trace and Stein (1983) reported that aqua regia extracted metals in soils is important for cleaning up contam-Ͻ70% of Cd, Mn, and Ni from some sediments. Recovinated soils and monitoring land application of metalery of 43 to 77% for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, bearing nonhazardous materials (Chen and Ma, 1998;  and Zn from AGAL-11 reference sediment was also Chen et al., 1999) . Sample digestion is often a necessary reported by Siaka et al. (1998) . Paudyn and Smith (1992) step before determining metal concentrations in soils.
found that the typical elemental recovery in ashes and The aqua regia (3:1, v/v, HCl to HNO 3 ) digestion procesediments using aqua regia digestion was ≈80%, though dure (ISO standard 11466) is considered adequate for the recovery was higher for many elements (e.g., Al, analyzing total-recoverable heavy metals in soils of cerFe, Mg) using microwave rather than hotplate digestion. tain regions and is used to estimate the maximum eleNadkarni (1984) reported that a mixture of aqua rement availability to plants (Vercoutere et al., 1995) . gia, HF, and H 3 BO 3 provides satisfactory precision and Residual elements that are not released by aqua regia accuracy for dissolving silica matrices. The following reacdigestion are mostly bound to silicate minerals and are tions occur during digestion: 6HF ϩ SiO 2 → H 2 SiF 6 ϩ 2 considered unimportant for estimating the mobility and H 2 O (Wu et al., 1996) and H 3 BO 3 ϩ 3HF → HBF 3 OH ϩ behavior of the elements (Niskavaara et al., 1997) .
2H 2 O, and HBF 3 OH ϩ HF → HBF 4 ϩ H 2 O (Ryss, 1956 ). The conventional aqua regia digestion procedure conAdding boric acid in the second stage of the digestion sists of digesting soil samples on a hotplate with a 3:1 not only complexes the free fluoride ions in the solution, mixture of HCl and HNO 3 (Nieuwenhuize et al., 1991) .
but also facilitates the dissolution of the precipitated The nitric acid reacts with concentrated HCl to form fluorides (Wu et al., 1996) . However, when ICP-OES aqua regia: 3 HCl ϩ HNO 3 → 2 H 2 O ϩ NOCl ϩ Cl 2 . This is used for analysis, adding boric acid can create a matrix digestion procedure is so widely used that the European effect and was reported to result in a 20% decrease in Community Bureau of Reference has certified several sensitivity for Mo, Ni, Pb, Sb, Se, and Sn, and a 50% vermiculite, gibbsite, Fe oxyhydroxides, etc.) status could criti- (Paudyn and Smith, 1992) . This procedure was modified cally influence reactivity and metal retention, Quartzipsamby Ammons et al. (1995) for analyzing metals in soils ments were selected such that samples with clean sand grains with Ͼ45% sand. In the modified method, HF was (Ͻ1% silt ϩ clay), slightly coated grains (1-5% silt ϩ clay), added to the solid 16 h before the aqua regia addition and coated grains (Ͼ5% silt ϩ clay) were equally represented and the mixture was then subjected to microwave (Harris et al., 1996) . Thus there were three groups of Quartzipheating. USEPA methods (Chen and Ma, 1998 and Zn in soils (Marr et al., 1995) , while metals like Ba, mL with DDW.
Cr, and Ni could be efficiently recovered only by using Conventional aqua regia digestion was performed in 250-HF digestion (Sawhney and Stilwell, 1994) . Florida soils mL glass beakers covered with watch glasses. A well-mixed were formed primarily from sandy marine sediments sample of 0.5000 g was digested in 12 mL of aqua regia on a and typically consisted of Ͼ870 g kg Ϫ1 sand (Table 1) .
hotplate for 3 h at 110ЊC. After evaporation to near dryness, These soils are prone to leaching and have extremely the sample was diluted with 20 mL of 2% (v/v with H 2 O) low baseline metal concentrations compared with soils nitric acid and transferred into a 100-mL volumetric flask after from other parts of the world (Chen et al., 1999) . Thus, filtering through Whatman no. 42 paper and diluted to 100 great elemental recovery should be sought during mL with DDW.
method selection (Chen and Ma, 1998 
MATERIALS AND METHODS
samples (Chen, 1997) . More (30%) quality-control samples (analytical blanks and calibration standards) were included in Three SRMs (2704, 2709, and 2711) from NIST, representthe determination of elemental concentrations in the digestion ing river sediment, sandy soil, and contaminated soil, respecsolution using either an ICP-OES or a GFAAS (Chen, 1997 As, and Se is problematic for GFAAS (Sawhney and to the uncertainty of the NIST-certified values, according to Stilwell, 1994) , and is possibly another reason that cona 95% confidence interval for the true values (Chen, 1997 method when comparing the two methods, which is conaqua regia digestion. The bias between the microwave aqua sistent with our data (Table 2 ). However, when based regia and aqua regia ϩ HF digestion was defined similarly.
on the average precision of the two digestion methods over 16 elements using three SRMs, the hotplate (4.6%)
RESULTS AND DISCUSSION
was slightly better than microwave aqua regia digestion (5.2%, Table 2 ). This implies that the two digestion
Precision of Three Digestion Methods
procedures generally achieved comparable and accept-
in Analyzing 16 Elements in NIST SRMs
able precision in analyzing the 16 elements. Both hotplate and microwave aqua regia digestion Satisfactory precision was achieved for all elements achieved precise analysis using the three SRMs for all in all three NIST SRMs by using the microwave aqua 16 elements except As in SRM 2704 by microwave and regia ϩ HF digestion, except Cd in SRM 2709 (22% Se in SRM 2704 by both hotplate and microwave meth-RSD) (Table 2) , which had much lower certified value ods, which were out of the target precision range of (0.35 mg kg
Ϫ1
) than SRMs 2704 (3.45 mg kg
) and 2711 Յ20% (Table 2) . Poor precision for Se in SRM 2704 (41.7 mg kg Ϫ1 ) ( Table 3) . The low Cd concentration may be attributed to low Se concentration (1.16 mg plus possible volatilization losses of Cd by the GFAAS kg Ϫ1 ) in the sample (Berrow and Stein, 1983; Binstock determination (Sawhney and Stilwell, 1994) would make SRM 2709 perform differently from the other two et al., 1990), which is 19.3ϫ the detection limit for Se SRMs. The precision for all elements was close to 5%, wave aqua regia digestion methods using all three SRMs (Table 3) . Our results were consistent with Kackstaetter except for Cd, Ni, and Se, which were analyzed by GFAAS. High precision for analyzing As, Al, Ca, Cr, and Heinrichs (1997) , who indicated that aqua regia digestion provided satisfactory recovery for most base Cu, Fe, Mg, Mn, P, Pb, and Zn in marine sediments using this method has been reported by Paudyn and metals, partial recovery for Ba and Cr, and limited recovery for Al and K. Low Al and K recovery (Ͻ75%) Smith (1992) . Compared with the microwave aqua regia digestion procedure, the microwave aqua regia ϩ HF in river sediments and NIST SRM 1645 by hotplate aqua procedure improved precision for more than one-half regia digestion was also reported by Krause et al. (1995) . of the 48 analyses (16 elements ϫ 3 RSMs) ( Table 2) .
Both Al and K may be components of silicate structures The former method provided better precision for Mg, and they are thus relatively resistant to aqua regia, possiNi, and Zn, and the latter for Al, K, Ba, and Pb. In bly leading to their low recovery. Marr et al. (1995) and addition, the average precision for the microwave aqua Medved et al. (1998) noted that the efficiency of aqua regia ϩ HF digestion over 16 elements (3.7%) was regia in dissolving Ba in sediments or soils depended better than the microwave aqua regia (5.2%) and the on its binding strength to insoluble minerals. hotplate digestion method (4.6%, Table 2 ). This is conLow Cr recovery from soil and other materials has sistent with the results of Marr et al. (1995) and Kackbeen attributed to the presence of insoluble Cr minerals staetter and Heinrichs (1997). They reported that in such as chromspinels and chromite (FeCr 2 O 4 ), and aqua most cases the RSD values for both aqua regia digestion regia was inefficient in dissolving these minerals (Liu procedures were quite low, rarely Ͼ6% (Marr et al., et al., 1996; Medved et al., 1998) . Low Cr recovery from 1995). Exceptions were observed for Pb, with ≈7% error, river sediments AGAL-10 and AGAL-11 by both hotand As, with Ͼ12% error, due to their volatile characterplate (≈36%) and microwave (≈43%) aqua regia digesistics (Kackstaetter and Heinrichs, 1997).
tions has been reported (Siaka et al., 1998 (Table 3) . Such having one or more physical or chemical properties deimprovement was especially obvious for Al, K, Ba, Cd, termined within stated measurement uncertainties to be Cu, and Pb as reflected by their relatively large positive used for the calibration of an apparatus or the assessbiases (10-136%). In addition, the average recovery ment of a measurement method. To obtain the certified over 16 elements for the microwave aqua regia (79.9%) values, sample preparation procedures were designed to was slightly greater than that of the hotplate aqua regia effect complete dissolution by NIST. If volatile elements (74.3%) digestion procedure (Table 3 ). The high effi-(i.e., As, Se) were to be determined, precautions were ciency of the sample digestion using the microwave taken in the dissolution of SRMs to avoid volatilization method has been attributed to fragmentation of the losses (NIST, 1995) . Generally speaking, accurate resolid materials due to the high pressures, which exposed sults (80-120% recovery) were obtained for all elements except for Al, K, Ba, and Cr by the hotplate and microfresher and finer portions of the sample to acid attack (Nadkarni, 1984) . Significantly higher values were found Ni (≈79-80%) minerals was obtained (Table 3) , which implies that Cr and Ni in the two standard soils may be by Nieuwenhuize et al. (1991) for Cr and Fe in SRMs after microwave aqua regia digestion than hotplate aqua present as insoluble minerals. Compared with the microwave aqua regia digestion regia digestion. Paudyn and Smith (1992) noted that for many nonvolatile elements, the two methods provide (Table 3) , microwave aqua regia ϩ HF digestion improved accuracy for Al, Ca, K, As, Ba, Cr, Cu, Se, and similar recovery except for Al, whose recovery was greater using the microwave digestion, which is consisZn in the three SRMs, as reflected by their large positive biases and the closeness to the certified values (Table 3) . tent with our result (Table 3) .
Accurate results were obtained for all elements exThese results are consistent with a sequential extraction study of Ca, Fe, Cr, Mn, Pb, and Zn in sediments by cept Cr and Ni in three SRMs using the microwave aqua regia ϩ HF digestion (Table 3) . Low Cr recoveries in Mahan et al. (1987) , who indicated that an overall superior recovery of metals was obtained by using the aqua NIST SRMs 2709, 2710, and 2711 (75-89%) using microwave HNO 3 -HF digestion (Wu et al., 1996) and in regia ϩ HF digestion. Among the three digestion proce-USGS standard rocks using microwave aqua regia ϩ dures, as expected, microwave aqua regia ϩ HF diges-HF digestion have been reported (Nadkarni, 1984; Lation achieved the overall best average elemental recovmothe et al., 1986). A sequential extraction study on ery (94%) for 16 elements in three SRMs followed by industrially contaminated soil indicated that both Cr and the microwave (80%) and hotplate (74%) aqua regia Ni were mainly associated with the residual fractions digestions (Table 3) . Our results are consistent with (Davisson et al., 1998) . Medved et al. (1998) found that those of Kokot et al. (1992) who demonstrated statistiCr is bound to insoluble minerals such as chromspinels cally that aqua regia ϩ HF was the preferable procedure and chromite in soils. As indicated by Marr et al. (1995) , for digesting NIST SRM 2704. Among the three SRMs even aqua regia ϩ HF digestion was inefficient in distested, SRM 2711 showed the lowest average recovery solving these minerals. However, complete recoveries (79%) over 16 elements using three digestion methods, for Cr and Ni from marine and river sediments by microwhereas SRMs 2704 (85%) and 2709 (84%) showed wave aqua regia ϩ HF digestion have been reported comparable recovery (Table 3) . (Rantala and Loring, 1989) and were attributed to a strong dissolution technique being adopted (i.e., more
Comparison of Three Digestion Procedures
acid and longer heating times) (Bettinelli et al., 1987) .
for Analyzing 16 Elements in Florida Soils
Similar results for Cr from NIST SRM 2704 were reported when using microwave HNO 3 -HF-HClO 4 digesAverage Elemental Concentrations Based tion (Liu et al., 1996) . The authors noted that satisfacon 20 Florida Soils tory performance could be achieved if the element was present in a relatively labile form, which was consistent Greater values of all elements except for Ca, P, Cd, and Se were obtained in the 20 Florida soils using microwith our results in the case of river sediment NIST SRM 2704 (≈89% for Cr and ≈91% for Ni respectively, Table  wave rather than hotplate aqua regia digestion. The most notable were K, Cr, Cu, and Ni as reflected by 3). For the other two NIST SRMs (2709 and 2711), however, incomplete dissolution of Cr (≈66-77%) and their large positive biases (Ͼ116% , Table 4 ). However, proved the overall precision of the analysis for those lower volatilization losses of elements with the micromaterials. In addition, soil properties are important in wave technique than the hotplate is possibly another determining elemental recovery during digestion. Elereason. In addition, analytical results for the GFAAS mental recovery may vary from soil to sediment and determination of As, Cd, Cr, Cu, Ni, Pb, and Se provided other material, even using the same digestion procedure. low acid blank values for Cd and Pb. This is consistent Otherwise, biases between different digestion procewith Chakraborty et al. (1996) , who reported that the dures in NIST SRMs and Florida soils should be commicrowave digestion procedure should be used when parable. the risk of environmental pollution is high. Similarly, significantly greater recoveries of Cr and Fe from Dutch soils were obtained using the microwave technique than Average Elemental Concentrations of 20 Florida Soils using the hotplate aqua regia digestion (Nieuwenhuize in Five Groups et al., 1991) . The biases for concentrations of Ca and Se
To better understand how elemental concentrations between the two digestion procedures were negligible vary with soil properties and digestion method, concen-(Ͻ10%) ( Table 4) .
trations of 16 elements in 20 soils of five great groups The microwave aqua regia ϩ HF digestion procedure were determined using the three aqua regia digestion produced greater concentrations of K, Cr, Cu, Ni, Se, methods (Table 5 ). Based on how elemental concentraand Zn, and smaller concentrations of Al and Pb in tions changed with the three digestion methods and soil the 20 Florida soils than did the microwave aqua regia properties, the 16 elements can be divided into four digestion procedure. Concentrations of Ca, Fe, Mg, P, groups. As, Ba, Cd, and Mn were comparable (with bias Ͻ20%)
Elemental concentrations in the first group, including using the two microwave methods (Table 4) . However, Cr, Cu, K, Mn, Ni, and Zn, increased in all five types paired t-tests indicate significant improvement in digesof soils as the digestion method became more aggrestion efficiency were observed only for K, Ba, Cu, and sive, that is, from hotplate aqua regia to microwave aqua Zn. Lamothe et al. (1986) noted that Pb recovery from regia to microwave aqua regia ϩ HF (Table 5 ). The geological samples using HCl-HNO 3 -HF digestion deincreases were often large and easily observed. For expended on sample texture.
ample, mean Cr concentrations in the slightly coated Significant positive correlation coefficients were Quartzipsamments increased from 1.52 to 5.39 to 16.9 found for all elements except for Ni in 20 Florida soils mg kg Ϫ1 , respectively. This implies the importance in between the two aqua regia digestion procedures and selecting an appropriate digestion method to determine between the two microwave digestion procedures (Taelemental concentrations in soils. In addition, suitable ble 4). This suggests that similar biases between these SRMs play an essential role in evaluating the accuracy methods would be expected if they were used to deterof new analytical methods and maintaining the quality mine concentrations of these 16 elements in other Florof established measurement procedures. In the beginida soils (except for Ni). For example, on average, ≈21% ning of soil digestion, inclusion of a SRM with similar more Ba was released by the microwave than the hotproperties and elemental concentrations to the soils to plate aqua regia digestion and ≈62% more K was rebe determined should also be emphasized as implied leased by the microwave aqua regia ϩ HF than the from the bias differences between SRMs and Florida aqua regia digestion for Florida soils (Table 4) . The soils (Tables 3 and 4) . Theoretically, SRM 2709 (a sandy discrepancy in elemental recovery of Ni among the three soil) should have similar elemental recovery to Florida methods may be attributed to certain soil matrices, such soils, but elemental recoveries from SRM 2709 by differas chromite, aluminosilicate minerals, and organic maent digestion methods provided no similarity to those trix, which cannot be decomposed by either aqua regia of Florida soils. For example, unlike Florida soils, Cr or aqua regia ϩ HF (Wen et al., 1997; Wu et al., 1996) . However, further investigation is needed to identify the recoveries from SRM 2709 remained almost constant, changing from 64 to 59 to 66% as the digestion method possible soil matrices that exist in Florida soils.
The biases between hotplate and microwave aqua became more aggressive (Table 3) . The low Cr concentrations (maximum of 32.6 mg kg Ϫ1 in the Ultisol) and regia digestion procedures for the three NIST SRMs, compared with the microwave aqua regia and aqua the possible relatively soluble Cr minerals in Florida soils compared with SRM 2709 (130 mg kg Ϫ1 ) plus the regia ϩ HF digestion procedures for 20 Florida soils for the 16 elements, were obviously different. Greater fine grinding sample may have been the primary reason for the discrepancy. biases were obtained between the first two methods for elements Fe, Mg, As, Cr, Cu, Mn, Ni, Pb, and Zn and Elemental concentrations in the second group of elements, including Al, Ca, Fe, Mg, and Ba, generally inlower biases for elements Al and Ba in the 20 Florida soils than the three NIST SRMs (Tables 3 and 4) . On crease as the three digestion methods became more aggressive in four groups of soils (the Alaquods and the the other hand, greater biases were obtained between Quartzipsamments) but not in the Paleudults. For the digestion. But it decreased as the digestion method changed from microwave aqua regia to aqua regia ϩ Paleudults, elemental concentrations of the second group increased as digestion methods changed from hot-HF (Table 5) . It seemed that total decomposition using microwave aqua regia ϩ HF method would underestiplate to microwave aqua regia; however, they decreased unexpectedly as the digestion methods changed from mate total Pb concentrations in Florida soils. This was also confirmed by the paired t-tests at ␣ ϭ 0.05 (Table  microwave aqua regia to aqua regia ϩ HF (Table 5) . The difference between the latter two digestion proce-4). Yet such a pattern was not observed for the three SRMs (Table 3) . It is speculated that formation of dures was the addition of HF, with a longer reaction time and a higher temperature, which was intended to Pb 2 SiO 4 may have caused the reduction in Pb concentrations using the microwave aqua regia ϩ HF digestion. aid in the decomposition of Al-Si minerals (Nadkarni, 1984; Quevauviller et al., 1993 (Table 3 ). In addition, the mean total Al concentrations in the three SRMs (67.1 mg g Ϫ1 , Table 3 ) were approxisoils were Ͻ4 mg kg Ϫ1 (Table 4) , it was not possible to identify this mineral in the residual fraction after mately 28 times greater than the mean total Al concentrations in the 20 Florida soils (2.44 mg g Ϫ1 , Table 4 ). digestion. Wen et al. (1997) suggested that the low Pb recovery from sediment SRM 280 after aqua regia ϩ The extremely high quartz contents (identified by x-ray diffraction) in the 20 Florida soils probably made them HF digestion is possibly due to PbCl 2 formation, which also had a low solubility. No pattern was observed in behave differently from the three SRMs. Paleudults contained relatively high Al concentrations (Table 5) comconcentration changes with the three digestion methods for elements in the fourth group including P, As, Cd, pared with the other four soil groups and extremely high quartz contents compared to the three SRMs, and Se. There is possibly the problem of the detection limits and sensibility of the instruments used to deterwhich may have caused significant Al concentration reductions in the presence of HF. It was possible that a mine the elemental concentrations (P, As, and Se). At a low concentration range (Ͻ50ϫ the detection limits), mixture of Al-Si-F minerals precipitated during the digestion process (Hingsten et al., 1972) . It was also it is hard to determine the improvement of either precision or accuracy of the analysis by varying digestion propossible that Ca, Fe, Mg, and Ba coprecipitated with the Al-Si-F minerals, thus reducing their concentrations cedures. (Table 5 ). However, no minerals except quartz were identified by x-ray diffraction in the residuals of the CONCLUSIONS Paleudults after microwave aqua regia ϩ HF digestion (data not shown).
Precise analysis was achieved for most of the 16 target elements, except for As, Se, and Cd from three different Lead is the only element of the third group. Its concentrations in all soil groups increased as the digestion NIST SRMs (2704, 2709, and 2711) 
N is essential for developing efficient N management
On the other hand, the RMBHS is considered the least dynamic pool, containing up to 12% fertilizer 15 N after 160 d. The NAEOM was strategies to enhance and sustain rice production. Declining yield in continuously cropped irrigated rice systems where a significant portion of the rice residue N itrogen is the most growth-limiting nutrient in rice cropping systems (Savant and DeDatta, 1982 
